In silico prediction of MicroRNA role in regulation of Zebrafish (Danio rerio) responses to nanoparticle exposure by Hu, Moyan et al.
Natural Resource Ecology and Management
Publications Natural Resource Ecology and Management
5-24-2019
In silico prediction of MicroRNA role in regulation
of Zebrafish (Danio rerio) responses to
nanoparticle exposure
Moyan Hu
Ludwig Maximilian University of Munich
Boris Jovanović
Iowa State University, prcko@iastate.edu
Dušan Palić
Ludwig Maximilian University of Munich
Follow this and additional works at: https://lib.dr.iastate.edu/nrem_pubs
Part of the Natural Resources Management and Policy Commons
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
nrem_pubs/312. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Natural Resource Ecology and Management at Iowa State University Digital Repository. It
has been accepted for inclusion in Natural Resource Ecology and Management Publications by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
In silico prediction of MicroRNA role in regulation of Zebrafish (Danio
rerio) responses to nanoparticle exposure
Abstract
The release of nanoparticles to the environment can affect health of the exposed organisms. MicroRNAs have
been suggested as potential toxicology biomarkers, however the information about use of microRNA in
aquatic organisms exposed to nanoparticles (NP) is limited. In silico analysis from publicly available gene
expression data was performed. Data selection for the analysis was based on reported biological and
pathological outcomes of NP induced toxicity in zebrafish. After identifying relevant genes, we constructed six
miRNA-mRNA regulatory networks involved in nanoparticle induced toxicological responses in zebrafish.
Based on our prediction and selection criteria we selected six miRNAs that overlapped in constructed
networks with remarkable prediction score, and were validated by previous mammalian and zebrafish
microRNA profiling studies: dre-miR-124, −144, −148, −155, −19a, −223. The results of this in silico analysis
indicate that several highly conserved miRNAs likely have a regulatory role of organismal responses to
nanoparticles, and can possibly be used as biomarkers of nanotoxicity in studies using zebrafish as model
organism One health approaches.
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Abstract 
The release of nanoparticles to the environment can affect health of the exposed organisms. MicroRNAs have been suggested as potential toxicology biomarkers, 
however the information about use of microRNA in aquatic organisms exposed to nanoparticles (NP) is limited. In silico analysis from publicly available gene 
expression data was performed. Data selection for the analysis was based on reported biological and pathological outcomes of NP induced toxicity in zebrafish. 
After identifying relevant genes, we constructed six miRNA-mRNA regulatory networks involved in nanoparticle induced toxicological responses in zebrafish. 
Based on our prediction and selection criteria we selected six miRNAs that overlapped in constructed networks with remarkable prediction score, and were 
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validated by previous mammalian and zebrafish microRNA profiling studies: dre-miR-124, -144, -148, -155, -19a, -223. The results of this in silico analysis 
indicate that several highly conserved miRNAs likely have a regulatory role of organismal responses to nanoparticles, and can possibly be used as biomarkers of 






ROS-Reactive oxygen species 
AP- Acid phosphatase activities 
mu-GST: Mutagenic glutathione S-tranferase 
LPO- Membrane lipid peroxidation 
PC- Protein carbonyl 
NO- Nitric oxide 
GPx- Glutathione peroxidase 
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1. Introduction
Use of natural and engineered nanoparticles (NPs) is becoming widespread in various products including building and construction materials, electronics, 
clothes, personal hygiene, sunscreens, drugs, or food additives (Aitken et al., 2006; Maier and Korting, 2005). The NPs from many of these products can be 
directly (waste) or indirectly (degradation) released in the environment (Aitken et al., 2006). Increased loading burden of NPs into aquatic ecosystems has been 
observed as NPs are moving from urban areas after household and industrial use to landfills or wastewater effluents, including runoffs. Such increase in NP 
concentration has increased the exposure of aquatic life, and subsequently allowed for bioaccumulation and/or biomagnification of NPs in the food chain. NPs 
released from their primary products are also becoming bioavailable to human beings, and potential health consequences for both animals and human beings have 
only recently been recognized (Chen et al., 2004; Daughton and Ternes, 1999). Evidence that NPs can show adverse effects on fish and mammalian health has 
been recently presented (Bouwmeester et al., 2011; Nagano et al., 2013; Sharma et al., 2012b). Therefore, efforts to determine mechanisms of NP toxicity, 
including molecular and cellular regulatory processes that are affected by the NPs, can assist in identification of biomarker indicators (such as microRNAs) of 
NPs exposure and toxicity. 
MicroRNAs (miRNAs) belong to a class of single-strand noncoding RNAs with typically 21-23 nucleotides in length, that are engaged in a range of 
biological processes such as cell differentiation, disease development, and responses to toxicant exposures. miRNAs regulate the expression of many protein-
coding genes through interaction with messenger RNAs (mRNA) (Bartel, 2004). Pol II promoter has been connected with the biogenesis processes of miRNAs 
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(Ha and Kim, 2014). Since pol II is also frequently associated with toxicologically significant enhancer regions, and changes in expression of miRNAs were 
detected after exposure to particulate matter (PM), this suggests there is potential for miRNAs to perform critical role in the regulation of cellular responses to 
various xenobiotics (including nanoparticles). 
For example, hsa-miR-222 and hsa-miR-21 were overexpressed in the blood leukocytes of workers under a working environment rich in heavy-metal PM 
after three work days (Bollati et al., 2010). miR‑222 expression in post-exposure samples was positively associated with the mean lead exposure measured in the 
PM mass, indicating an activation of leukocytes and inflammation in response to environmental stimuli (Bollati et al., 2010). miR-21 is involved in the reactive 
oxygen species (ROS) triggered cellular injury protection, as well as the apoptotic pathway regulation by down-regulating PDCD4 (programmed cell death 4 
protein). miR-21 was also positively correlated with 8-OHdG (8-hydroxy-2' -deoxyguanosine) expression in carcinogenesis and simultaneous increase in ROS 
levels (Cheng et al., 2009; Tu et al., 2014) and miR-21 expression in humans is also influenced by inhalation of diesel exhaust particles (PM2.5, black carbon and 
organic carbon) exposure (Fossati et al., 2014). Published data suggest that miR-21 may be involved in the HMGB1/RAGE signaling pathway through the 
modification of transcription factor NF-kappa B thus playing a role in mechanisms related to particulate matter toxicological responses such as inflammation and 
endothelial dysfunction. Recent study indicated that the expression of miR-21-5p was negatively associated with the quantity of PM2.5 (particulate matter with a 
diameter of 2.5 micrometer) exposure in human serum (Chen et al., 2018). Therefore, miR-21 could be an important mechanistic link demonstrating the 
association between environmental particulate contamination and disease. Recent research focused on the miRNA expression pattern under the exposure of 
particulate matter based on Zebrafish model, and has screened out 8 microRNAs that were potentially related to PM2.5 induced damage in zebrafish embryos, 
supporting that miRNAs can play a critical role in lower vertebrates as well (Duan et al., 2017). 
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In addition to PM, miRNAs expression can be altered by inorganic metalloids, or organic polycyclic aromatic hydrocarbons (PAHs). After arsenic 
exposure, expression of miRNA was altered in mammals (Li et al., 2012; Sturchio et al., 2014). Inorganic arsenite (iAs) treatment resulted in the up-regulation of 
hsa-miR-222 and the down-regulation of hsa-miR-181a in human Jurkat leukemic T cell line. Observations from this research suggested that hsa-miR-222 and 
hsa-miR-181a could be involved in DNA demethylation and ROS related pathways respectively, by combining with their target genes during protective response 
to iAs induced toxicity (Sturchio et al., 2014). On the other hand, hsa-miR-181 miRNA family (miR-181a, -181b, and -181d) was significantly upregulated in 
human hepatocellular carcinoma cells (HepG2 cell line) during exposure to PAH. The role of miR-181 family in direct regulation of MKP-5 (MAPK 
phosphatase-5) activated p38-MAPK pathway and induction of carcinogenesis process under the PAHs treatment was suggested (Samanta et al., 2002; Song et 
al., 2013). 
With increasing number of studies indicating miRNAs integral involvement in the toxicological processes induced by a variety of environmental 
pollutants, this class of noncoding RNAs have the potential to be used as a novel biomarker of nanoparticle exposure. Several studies have investigated the 
association between the NPs exposure and miRNAs expression pattern (Grogg et al., 2016; Huang et al., 2015). However, the connection between miRNAs and 
NPs exposure in aquatic organisms-models that are frequently utilized in toxicity assessment (e.g. zebrafish) has not been studied in detail. 
In response to the identified knowledge gap, the key objectives of our study were to 1) identify Adverse Outcomes from NPs in zebrafish, 2) employ in 
silico methods to characterize gene expression changes related to those Adverse Outcomes and 3) reveal miRNAs with potential to serve as biomarkers for NPs 
induced toxicity in zebrafish model studies of ecosystem, animal, and human health. 
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2. Review and data summary: MicroRNAs role in nanoparticle-induced adverse outcomes and their relevant mode of actions
MicroRNA, a class of gene regulatory molecules in various organisms, plays a pivotal role in diverse biological processes including responses to 
toxicants via targeting mRNA for cleavage or translational repression. While the critical role of miRNAs in the oncogenesis has been described, the importance 
of miRNAs in nanoparticle induced toxicological processes has not been investigated until recent years (Calin and Croce, 2006). The increasing evidence that the 
expression of miRNAs is affected by nanoparticles certainly suggests an important role of miRNAs in nanotoxicology. Here, we summarized the validated 
miRNAs that were altered during NPs exposure in in mammalian models from current literature and categorized them into biological adverse effects along with 
relevant mode of actions for a better understanding of the critical role that miRNAs play in these mechanisms and nano-toxicological processes (Table 1). 
2.1. Apoptosis induced by nanoparticles and relevant microRNA 
Apoptosis is a highly conserved, irreversible cellular death mechanism acting through tightly regulated processes. Increased apoptosis is frequently 
observed in cells after stimulation with a variety of nanoparticles including silver NPs (AgNPs), Titanium dioxide NPs, and Zinc oxide NPs (Eom and Choi, 
2010; Saquib et al., 2012; Sharma et al., 2012a). Apoptosis by nanoparticles is frequently caused by two mechanisms: ROS induced oxidative stress, and cellular 
mitochondrial damage due to the physico-chemical nature of nanoparticles such as high surface/mass ratio and membrane-crossing tendency (Shukla et al., 2011). 
Evidence supporting involvement of miRNAs in both of the NPs triggered apoptosis mechanisms appeared recently (Eom et al., 2014; Huang et al., 2015). 
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The excessive ROS generation can activate protein p53 which triggers cell-cycle arrest that is followed by either repair of the damage or continuation of 
apoptosis process through signaling with other proteins (Farnebo et al., 2010). Exposure of human Jurkat T cell line to silver nanoparticles (AgNPs) caused 
increase in cellular apoptosis level and significant decrease in the expression of hsa-miR-504 with a corresponding rise of p53 protein level (Eom et al., 2014). 
Hsa-miR-504 was also found to be a direct negative regulator of the transcriptional activity of p53 in human cell line and the overexpression of miR-504 
significantly reduced p53-meditated cell-cycle arrest and apoptosis (Hu et al., 2010). So, hsa-miR-504 is likely involved in AgNPs induced apoptosis through 
mediation of p53 expression regulated cell-cycle in a human cell line. 
In addition to negative regulation of p53, miRNAs were also trans-activated by p53 during the NPs exposure (Chang et al., 2007a). Research by (Li et al., 
2011) demonstrated that exposure of NIH/3T3 mouse embryonic fibroblast line to CdTe quantum dots (CdTe QDs), resulted in apoptosis-like cell death and 
increase of the p53 protein level. CdTe QDs also induced p53 post-translational modification by phosphorylation at Ser-15 (Li et al., 2011). Interestingly, the 
transcriptional level of mmu-miR-34s was up-regulated instead of down-regulated. Taken together with the above, the miR-34 family direct trans-activation by 
p53 protein suggest that p53 is involved in the transcription of pri-miR-34, therefore supporting the role of miR-34 in regulation of apoptosis induced by NPs 
(Chang et al., 2007b). 
Other than ROS oxidative stress, apoptosis can also be induced through mitochondrial structure and function disruption by NPs, involving a wide range 
of molecular pathways including MAPK pathway. MAPK (Mitogen-activated protein kinase) pathway is frequently activated in the NPs induced endoplasmic 
reticulum stress and mitochondrial damage (Christen et al., 2014; Eom and Choi, 2010). Several studies focused on the miRNA regulation in the apoptosis 
induced by NPs through MAPK pathway. The application of gold nanoparticles (AuNPs) to human dermal fibroblasts suppressed cellular proliferation due to cell 
cycle arrest corresponding to significant change in expression levels of hsa-miR-20, -30, and -9  (Huang et al., 2015). For miR-30 and miR-9, the targeted mRNA 
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was validated to be HSPA5 and PAK2 which are involved in the MAPK signaling pathway (Yang et al., 2010). PAK2 can be activated during caspase-meditated 
apoptosis through combining with Rac1, a classic signaling cascade for the MAPK pathway (Déléris et al., 2011). Therefore, it appears that these miRNAs are 
acting as functional mediators in the MAPK pathway response to the apoptosis caused by the NP exposure, but details remain elusive. 
2.2. Regulatory role of microRNAs in DNA damage induced by nanoparticles  
Generally speaking, mechanisms involved in the nanoparticle genotoxicity are not fully understood, and two major processes that could trigger the 
genotoxicity of NPs have been frequently observed: 1) direct interaction between NPs and DNA or 2) indirect DNA damage caused by NPs generated ROS or 
other toxic ions (Colognato et al., 2008; Kisin et al., 2007). Direct DNA damage induced by NPs starts after crossing of cellular membranes and reaching of 
nucleus. This characteristic of NP translocating to nucleus is generally shared by various NPs, and is being widely used in Nanoparticle-based drug delivery and 
transfection systems (Ghosh et al., 2008; Sokolova and Epple, 2008). Several NPs were found in the cell nuclei area after in vitro exposure, including gold NPs 
(Au NPs) and ZnO NPs (Gu et al., 2009; Hackenberg et al., 2011). When NPs persisted in the nucleus for extended periods, they showed tendency to aggregate in 
larger particles causing mechanical damage to chromosomes or even deformations of the nucleus (Di Virgilio et al., 2010). 
Mechanical DNA damage is accompanied by DNA double strand breaks (DSB). There is emerging evidence that miRNAs are involved in the 
chromosome damage repair, including observation of significant chromosome damage during trans-placental administration of gold NPs (100 nm in diameter) in 
mice (Balansky et al., 2013). miRNA expression profiling from the same study showed that mmu-miR-let-7a was significantly up-regulated in both lung and liver 
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after AuNPs exposure (Balansky et al., 2013). miR-let-7a was also found to be engaged in homologous recombination (a major DNA DSB repairing mechanism) 
through targeting BRCA1 and BRCA2, therefore suggesting its role in regulating DSB damage induced by AuNPs (Johnson et al., 2007). 
Nanoparticles can also induce genotoxicity without direct contact with DNA. For example, excessive free radicals can be generated on the surface of NPs 
due to their high surface to mass ratio, and this phenomenon was reported by several studies (Barillet et al., 2010; Shukla et al., 2011). Interaction of free radicals 
with DNA can cause single strand DNA damage such as oxidized base lesions, or DNA double strand breaks (Karanjawala et al., 2002). It is reported that one or 
more miRNAs can be involved in multiple oxidative stress induced DNA damage repair mechanisms, e.g.  miR-155 targeted WEE1 and also engaged in the cell 
cycle checkpoint regulation (Pouliot et al., 2012). WEE1 is a tyrosine kinase that is phosphorylating G2-M cell cycle checkpoint regulator CDK1 thus leading to a 
G2 checkpoint arrest and a halt of mitosis (Hirai et al., 2010). The final stage of this cell cycle arrest is the DNA damage induced apoptosis. The hallmark of this 
apoptosis is chromatin condensation observed after the exposure of human lung fibroblasts to AuNPs accompanied by up-regulation of miR-155 (Ng et al., 2011). 
These phenomena indicated that miR-155 could be involved in the cell cycle control after occurrence of nanoparticles induced DNA damage. However, the 
number of studies focused on miRNA function in NPs induced genotoxicity is still limited. 
2.3. Inflammatory responses induced by nanoparticles and relevant microRNAs 
Nanoparticles are generally being recognized as foreign substances and can frequently activate organismal defenses including immune system responses. 
As a first line of defense, innate immunity engages in non-specific defense against nanoparticle micelles by pattern recognition, phagocytosis and subsequent pro-
inflammatory responses (Mogensen, 2009). Inflammatory responses can be induced by a wide range of nanoparticles concomitant with the secretion of pro-
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inflammatory cytokines and increased expression of inflammation related genes (Chang et al., 2013; Yang et al., 2012). The mechanisms and molecular pathways 
underneath this inflammatory response are not yet fully understood, but activation of two classic inflammatory pathways (TLR and NF-κB) was frequently 
observed during innate immunity reaction to nanoparticles. Available literature also indicates that microRNAs are involved in regulation of these pathways 
during NPs triggered inflammatory responses (Grogg et al., 2016; Ng et al., 2011).  
Toll-like receptors (TLR) recognize pathogen associated molecular patterns (PAMPs) and initiate the downstream signaling and the cytokine production. 
The interactions between TLRs and NPs are not yet fully explained, however recent reports indicate that some nanoparticles (nano-titanium dioxide, TiO2) can 
activate TLRs as increased expression level of TLR7 and TLR3 was observed after exposure (Chen et al., 2013). It was also observed that miRNAs expression 
changes upon NPs exposure and is associated with NPs triggered inflammatory responses. For example, hsa-miR-155 has been reported to be up-regulated during 
the gold NPs treatment in human MRC5 lung fibroblast line as well as by manganese NPs in human neuronal CATH cell line (Grogg et al., 2016; Ng et al., 
2011). In both studies cellular damage, inflammation, and increase in cytokine production was observed. Moreover, the transfection of miR-155 mimics was 
followed by significant reduction of TNF-α (Tumor necrosis factor α) and IL-6 (interleukin 6) gene expression after manganese NPs exposure of the CATH cell 
line (Grogg et al., 2016). Further, miR-155 engaged in the TLR4 initiated IL-6 and TNF-α signaling pathway by targeting TAB2 and leading to an activation of 
TNF-α and IL-6 gene expression in the LPS-activated human dendritic cell (Ceppi et al., 2009). 
Above data suggest there is a direct role of miR-155 in the nanoparticle induced inflammatory response through TLR/IL-6 pathway. On the contrary, 
miR-146a was shown to negatively regulate the PAMP initiated TLR4 inflammatory signaling by targeting Irak1 and Traf6 in human monocytes (Nahid et al., 
2011), but changes in Irak1 and Traf6 were not observed in carbon black NPs treated mice even though the significant alteration of miR-146a was detected 
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(Bourdon et al., 2012). Therefore, it is not possible to conclude that all miRNAs would act through regulation of the same genes in either the NPs activated or 
PAMPs initiated TLR signaling pathway. 
Another critical molecular pathway that appears to be involved in nanoparticle triggered inflammatory responses is the NF-κB (nuclear factor ?? light 
chain enhancer of activated B cells) pathway, which is downstream from the TLR pathway. Generally speaking, NPs could activate the NF-κB pathway by 
initiating the TLR signaling cascade or by NPs triggered ROS stimulation thus affecting the transcription of inflammatory genes, including different cytokines. It 
was reported that NF-κB was activated as a consequence of TLRs recognition through TLR4/Myd88 dependent signaling upon the exposure of metallofullerenol 
NPs in mouse macrophages (Chen et al., 2014). Metallic Oxides such as nano-TiO2 can trigger NF-κB activation through TLR2 and TLR4 /IκB kinase /NF-κB 
signaling cascade causing liver damage in mice (Cui et al., 2011). TLR independent NF-κB activation was reported when AgNPs induced ROS generation 
increased the production of TNF-α and IL-6 through ROS/NF-κB signaling in mouse macrophages (Nishanth et al., 2011). 
Involvement of miRNA in regulation of inflammation is however not yet clear. Grogg et al. illustrate that miR-124-3p, -let-7a-5p and -155-5p were 
significantly changed after the exposure of the CATH cell line to manganese NP. However, in the same study, the activation of NF-κB pathway was only verified 
by pathway enrichment analysis without experimental validation (Grogg et al., 2016). As miR-let-7a was well-studied for its negative regulation of TLR/NF-κB 
signaling, it is expected that this category of miRNA was also involved in the manganese NPs induced and NF-κB mediated pro-inflammatory responses 
(Asirvatham et al., 2009). 
3. Review and data summary: Adverse outcomes of nanoparticles induced toxicity and relevant genes in Zebrafish
3.1. Biological adverse responses  and responsible genes in Zebrafish 
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Zebrafish is an aquatic vertebrate model organism frequently used in toxicological and genetic studies and valued for its short reproductive cycle, 
transparent embryos, and a high degree of homology with human genome (Dai et al., 2014). In the field of nano-toxicology, zebrafish are frequently used as 
research animal model for detecting the NPs induced toxicological endpoints, including histopathological and biochemical aspects, as well as underlying 
molecular mechanisms (Xiong et al., 2011; Yeo and Kang, 2008). Here we summarized the adverse outcomes of zebrafish NPs exposures from the available 
literature, and grouped them in three major NPs induced toxic responses: oxidative stress, DNA damage, and inflammation, including targeted changes in gene 
expression that are deemed responsible for these adverse outcomes in zebrafish. 
3.1.1. Oxidative stress and responsible genes in zebrafish 
Oxidative stress occurs due to imbalance between the production of reactive oxygen species (ROS) and the ability of the organism to contain their 
harmful effects. Surplus of ROS will cause damage of all cellular components and can alter cell signaling. NPs can induce a dose, size and exposure time 
dependent oxidative stress response in a vast variety of species including mammals and aquatic organisms (Choi et al., 2010; Greven et al., 2016; Lu et al., 2017; 
Xiong et al., 2011; Zhao et al., 2016). The ROS-scavenging antioxidant defense system in fish is similar to mammalian, as several major antioxidant enzymes, 
SOD, CAT, GSH and GPx, neutralize the deleterious toxic effects caused by ROS in both animal classes. 
Apoptosis has been implicated as a major mechanism of cell death caused by NP-induced oxidative stress which generally involves the activation of JNK 
and p53 pathway (Hsin et al., 2008; Piao et al., 2011). In zebrafish exposed to different NPs, the expression of anti-apoptotic genes (bcl-2) and pro-apoptotic 
genes (bax) is consistently altered, and significant increase in number of apoptotic cells and levels of superoxide dismutase is observed (Zhao et al., 2016; Zhao et 
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al., 2013). Moreover, since mitochondria are a major target organelle for NPs induced oxidative stress, an intrinsic mitochondrial apoptotic pathway can be of 
significant importance during NPs triggered apoptosis processes (Xia et al., 2008). Reduction of mitochondrial membrane potential initiates the release of 
cytochrome c into the cytosol and translocation of BAX to mitochondria, thus promoting apoptosis, a phenomenon that commonly occurs in mammals and 
zebrafish exposed to NPs (Hsin et al., 2008; Zhao et al., 2013). 
3.1.2. DNA damage repairing and responsible genes in zebrafish 
Generation of ROS by nanoparticles can subsequently lead to DNA damage in a variety of forms (Bar-Ilan et al., 2013).  When oxidative stress is causing 
oxidized lesions of DNA, nucleotide excision repair (NER) is frequently activated mechanism. NER pathway is known to be responsible for the NPs induced 
DNA damage and repair in zebrafish since the critical genes involved in NER (such as ercc5 and baxa) were altered in zebrafish treated with NPs (Hanawalt and 
Spivak, 2008; Kim et al., 2013; Park and Yeo, 2013b). Moreover, the biomarker for DNA double strand breaks (γ-H2AX) was detected in zebrafish after the 
treatment with silver NPs. This may indicate that the non-homologous end joining (NHEJ) or homologous recombination (HR) mechanisms responsible for DSB 
repairing are also involved in the DNA damage and repair mechanisms in zebrafish (Choi et al., 2010). In addition, metal-based NPs can dissolve into metal ions 
that further can covalently bind with DNA causing DNA damage, similarly to injury of PBR 322 plasmid during exposure to Ag
+
 (Onuki et al., 1994; Yeo and 
Kang, 2008). We summarized validated genes reported in relation to DNA damage and repair in zebrafish in Table 2, and used this information to construct a 
predicted molecular network responsible for NPs induced DNA damage in zebrafish. 
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3.1.3. Inflammation and responsible genes in zebrafish 
Inflammation is a complex response of an organism against different noxic agents, involving cellular and humoral effectors and universal sign of 
inflammation at biochemical/molecular level is the up-regulation of pro-inflammatory cytokines such as IL-1β and TNFα (Mogensen, 2009). After exposure of 
zebrafish embryos to silica NPs (SiNPs), a genome-wide screening of transcriptome revealed activation of TLR complex, indicating that NPs could be recognized 
as a stressor by the innate immune effectors of zebrafish (Hu et al., 2016). Furthermore, activation of myd88 suggested that SiNPs could induce myd88-dependent 
classic signaling cascade of the TLR pathway followed by the up-regulation of pro-inflammatory cytokines, and initiation of the zebrafish inflammatory response. 
This result is consistent with the finding that in mouse RAW264.7 cell line, zinc oxide NPs and quantum dots raised cytokine expression through MyD88-
dependent TLR pathway, suggesting at least partially conserved mechanism for NPs induced inflammation in both mammals and zebrafish (Chang et al., 2013; 
Ho et al., 2013). Moreover, IL-6 dependent jak1/stat3 pathway was also activated by SiNPs in zebrafish (Hu et al., 2016), and similar activation in human beings 
led to mobilization of responsive cells and increased vascular permeability during acute inflammatory responses (Elsabahy and Wooley, 2013). Furthermore, 
Zebrafish embryos exposure to zinc NPs resulted in an up-regulation of c-Jun N-terminal protein kinase (jnk) and activation of pro-inflammatory responses (Brun 
et al., 2014). 
Inflammatory processes induce excessive generation of ROS in various forms, including superoxide anions and nitric oxides, and this is no different in 
nanoparticle induced defense or inflammatory reactions in either mammals or fish (Alinovi et al., 2015; Fialkow et al., 2007; Larsen et al., 2010). The 
inflammation phenotype was directly observed by confocal laser microscopy in zebrafish larvae treated with titanium dioxide NPs (TiO2 NPs) as cxcl12 was 
upregulated via NF-κB signaling (Maroni et al., 2006), suggesting that other NPs would also likely be able to induce inflammation in zebrafish (Yeo and Kang, 
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2012). As TiO2 NPs can enter mitochondria, it is also possible that respiratory burst may be increased causing increased damage of the organelles, and 
contributing to pro-inflammatory responses (Aguilera-Aguirre et al., 2009). 
Innate immune cells including neutrophils, macrophages, and dendritic cells play key roles in host defenses and inflammatory responses (Dallegri and 
Ottonello, 1997). Neutrophils are usually the first cell type to encounter and react with the potentially noxic particles, releasing pro-inflammatory mediators in 
both mammals and fish models (Mathias et al., 2006). In fathead minnow (Pimephales promelas), neutrophil function was however significantly inhibited by a 
hydroxylated fullerene NPs exposure (Jovanović et al., 2011a). A corresponding histopathological research in the same model clearly observed a sign of 
neutrophil congestion after hydroxylated fullerene NPs treatment (Jovanović et al., 2014). Other NPs (e.g. nano-TiO2) can also interfere with neutrophil function 
in fish (Jovanović et al., 2011b). However, the response of neutrophils during NP induced inflammatory processes was rarely investigated in zebrafish (Jovanović 
et al., 2011c). Recent study tracked a recruitment of neutrophils during low-dose exposure of SiNPs and suggested that neutrophil mediated cardiac inflammation 
could induce cardiac dysfunction in zebrafish (Duan et al., 2016). 
3.2 Histopathological adverse outcomes and related genes  in Zebrafish 
3.2.1. Gills damage and responsible genes in zebrafish 
The teleost gills are multifunctional organs involved in gas exchange, ion exchange, and endocrine regulation and are considered as the first line of non-
specific fish defenses against invading pathogens (Dos Santos et al., 2001; Evans et al., 2005; Rombough, 2007).  The direct exposure of gills to the external 
environment makes them a primary target for interaction with NPs in water, and also to possible damages. 
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In zebrafish, histopathological abnormalities induced by different nanoparticles are frequently observed in the gill filaments and lamellas, and appear size 
and dose dependent. Gills exposed to citrate-coated silver NPs displayed a severe hyperplasia and fusion with a decreased number of erythrocytes and clustered 
mucoid cells in the secondary filaments. Two-fold increase in thickness of gill filaments was observed in zebrafish exposed to nano-silver. Treatment with nano-
copper caused gill lamellae edema and changes in gills on molecular level that include changed expression of genes responsible for bacterial recognition, 
apoptosis, structural molecule activity, and cell division cycle regulation (Griffitt et al., 2009; Griffitt et al., 2007; Osborne et al., 2015). Therefore, nanoparticles 
can also affect functional responses as well as structural integrity of the gills. Exposure to NPs inhibited Na+/K+ ATPase channel in epithelial cells of gills 
(Katuli et al., 2014) with corresponding expression change in the sodium channel complex-related genes, such as scn1a and slc31a1 (Table 2) (Griffitt et al., 
2007; Osborne et al., 2015). Therefore, NPs can induce structural and functional changes in zebrafish gills such as histopathological abnormalities, inhibition of 
ion exchange, structural damages of the ion-channels, over-production of mucus, and particle aggregation in mucus layer. However, the mechanisms of the 
changes, as well as their possible regulation are not completely understood, especially from molecular perspective. 
3.2.2. Intestine damage and responsible genes in zebrafish 
In teleosts, primary route of nanoparticle uptake is considered to be through feed, as mucous layers and tight intercellular junctions in gills and skin may 
decrease ability of NPs to penetrate the organism. After exposure to silver NPs zebrafish intestine showed goblet cell hyperplasia, vacuolization and partial loss 




 ATPase pump (Osborne et al., 2015). Transcriptomic gene expression profiles of zebrafish intestines under the NPs 
induced toxicity were not specifically studied, therefore we had to assume that the target genes would be likely similar to mammalian studies (Bouwmeester et 
al., 2011). After an alignment analysis between the zebrafish transcriptome, a variety of related genes was identified, and listed in Table 3. 
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3.2.3. Liver damage and responsible genes in zebrafish 
NPs induced  histopathology in the liver is a widely observed phenomenon in fishes including fathead minnow (Jovanović et al., 2014), rainbow trout 
(Smith et al., 2007) and zebrafish (Choi et al., 2010) having apoptosis as a common endpoint (Choi et al., 2010). Additionally, mRNA expression of several 
apoptotic-critical genes such as p53 (tp53), Bax1 and Noxa1 have been altered after the NPs treatments (Choi et al., 2010). Recent zebrafish liver transcriptomic 
study indicated that 33 genes were commonly differentially expressed after exposure to three different types of cadmium nanoparticles (Gao et al., 2018). In 
addition, data from transcriptome studies of mammalian hepatocytes after exposure to NPs shared similar histopathology outcomes with that of zebrafish liver 
(Balasubramanian et al., 2010; Sharma et al., 2012b). Therefore, we performed an alignment analysis of those target mammalian genes and the corresponding 
genes in zebrafish. 
4. Methodology and results: Prediction of MicroRNA-mRNA interactions in Zebrafish
4.1. Construction of mRNA-miRNA interaction networks in zebrafish based on summarized literature data 
NPs are known to induce toxicity in zebrafish and alter gene expression profiles as described above. The leading assumption of this in silico analysis is 
that miRNAs may be involved in regulation of expression of these genes, serving as major mediator through their interaction with mRNAs. Here, we first 
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reviewed the current information about miRNA regulations in the nanoparticles triggered toxicity in mammalian models followed by review of adverse outcomes 
and responsible genes induced by NPs specifically in zebrafish. Literature search was conducted with key words: “MicroRNA”, “Nanoparticles”, “Toxicity” and 
“Zebrafish” using Web of science or Pubmed databases. Articles and other data sources (reports, online databases) were selected to be used in the analysis 
according to the following criteria: 
1. Study was published in English language
2. Included studies were published before October 2018
3. The primary particle size and hydrodynamic diameter of NPs was reported
4. The exposure concentration and exposure duration of NPs was reported
5. The administration method of NPs was reported
6. For miRNA studies (Studies listed in Table 1), miRNA expression profile after NPs exposure was reported
7. For zebrafish biological Adverse Outcome studies (Studies listed in Table 2), the exposure organism was zebrafish (Adult, larva or embryo)
8. For zebrafish biological Adverse Outcome studies (Studies listed in Table 2), the Adverse Outcomes included at least one of the following three
biological categories: Oxidative stress, DNA damage, or Inflammation 
9. For zebrafish histopathological Adverse Outcome studies (Studies listed in Table 3), the exposure organism was adult zebrafish.
10. For zebrafish histopathological Adverse Outcome studies (Studies listed in Table 3), the histopathological damage was indicated in at least one of the
following organs: gill, liver and intestine. 
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Following literature review following above criteria, six tissue-specific (TSNs) or biological response-specific (BRSNs) miRNA-mRNA regulation 
networks affected by nanoparticle exposure influence were constructed based on summarized data using miRNA-mRNA association predicting bioinformatics 
algorithms. 
Sequences of all identified miRNAs were obtained from miRbase (http://www.mirbase.org/), and the classifications of miRNA tissue distribution in 
zebrafish was performed as per (Thatcher et al., 2008). Target genes in the tissue-specific predictions are listed in Table 3. In addition, for liver and intestine 
network depiction we collected microarray data from mammalian studies and summarized them in terms of NPs affected zebrafish genes in liver and intestine 
respectively, using alignment analysis by clustalX (http://www.clustal.org/). These three lists of genes are referred to as “Tissue-specific summarized gene lists” 
(TSNs), and these TSNs were based on the prediction of interactions between tissue-specific miRNA and tissue-specific altered genes. For construction of the 
biological response-specific network, genes involved in: oxidative stress, DNA damage and inflammation were used to make the corresponding gene lists, shown 
in Table 2 and defined as “Summarized gene lists”. These three gene lists were also supplemented with additional genes known to be involved in the following 
biological processes: 
1. Zebrafish genes identified as peroxidases, peroxiredoxins and genes involved in ROS metabolism were provided by Qiagen zebrafish oxidative stress
PCR array (http://www.sabiosciences.com/rt_pcr_product/HTML/PAZF-065Z.html). This list of genes is referred to as “Additional gene list for 
Oxidative stress” in this study; 
2. Genes engaged in the human DNA damage signaling pathways while responsible for ATR signaling, DNA repair and cell cycle were obtained from
http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-029Z.html. List of corresponding zebrafish orthologues was verified through alignment and 
named “Additional gene list for DNA damage”; 
ACCEPTED MANUSCRIPT
3. Zebrafish genes in Gene Ontology terms of cytokine production (GO:0001816), cytokine-mediated signaling pathway (GO: 0019221), inflammatory
response (GO:0006954), activation of innate immune response (GO:0002218) and inflammasome complex (GO:0061702) were retrieved by BiomaRt 
package embedded in the Bioconductor software (https://bioconductor.org/packages/release/bioc/html/biomaRt.html) and referred as “Additional gene 
list for Inflammatory response” after removing the redundant genes (Durinck et al., 2009). 
Targetscan version 6.2 was used to make zebrafish miRNA target predictions http://www.targetscan.org/fish_62/. The whole miRNA-mRNA association 
prediction was based on the crossover prediction by Targetscan-zebrafish database and miRanda algorithms (http://www.microrna.org) (Betel et al., 2010; 
Grimson et al., 2007). Reliable predictions between miRNA and mRNA were defined by the intersection thresholds as Targetscan (Context score < -0.2) and 
miRanda (Pairing score > 140 and energy score < -7). Throughout the manuscript, 3’ untranslated region nucleotide sequences of all genes were retrieved from 
Ensembl-Gene 87 database (http://www.ensembl.org/index.html) unless otherwise stated. The depiction of TSN was based on the targeting of tissue specific 
miRNAs and objective genes while the construction of BRSN was based on the prediction between all the zebrafish miRNAs in miRbase towards “Summarized 
gene lists” plus “Additional gene lists”. 
4.2. Selection criteria for critical microRNA 
To emphasize the importance of genes which are altered after NPs exposure, and based on the existing literature references, a selection criteria system 
was developed in order to determine potential biomarkers of nanotoxicity from the miRNA molecular database. Reliable predictions based on genes from 
summarized gene lists in BRSNs were assigned two prediction points while predictions targeting genes in the additional gene lists were assigned one prediction 
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point (Fig. 1). Then, the “TOP 15” miRNAs with the highest score from these three BRSNs were chosen and named as “miRNA candidates” . The frequency of 
their participation was evaluated by counting the number of overlaps of these miRNA candidates in the three networks. miRNAs that overlapped in all three 
networks with highest overall prediction score were selected. Table 1 is a summary of all existing validated nanotoxicity related miRNAs from mammalian 
studies and it contains their alignment to the corresponding miRNAs in zebrafish. 
Zebrafish miRNAs orthologues that were confirmed by multiple mammalian studies were selected from “miRNA candidates” list regardless of how many 
times they were overlapped in BRSNs. Moreover, one recent study reported activation of several miRNAs after exposure to particulate matter in zebrafish (Duan 
et al., 2017). As the information about miRNA in zebrafish exposd to NPs is rare, this report was also given a selection preference and referred to as “zebrafish 
study” in Figure 1 and Table 4. All miRNA candidates that overlapped in more than two BRSNs, and being validated in a mammalian or a zebrafish study, were 
selected as the result. In each TSNs, miRNAs with top 15 prediction times were chosen and their overlapping times in three TSNs were counted. miRNAs that 
were predominately regulated in all TSNs were selected as the tissue-specific final potential biomarker for nano-toxicity in zebrafish. The flow diagram of whole 
selection process including selection criteria is shown in Figure 1. 
4.3. Prediction results 
miRNAs targeting specific biological processes influences by nanoparticle exposure were predicted based on the genes in the “Summarized list” 
(including tissue-specific and biological response specific summarized list) and “Additional list”. As a result, three tissue-specific miRNA-mRNA connecting 
networks and three biological response-specific miRNA-mRNA regulation networks were constructed. Moreover, based on selection criteria, six miRNAs or 
ACCEPTED MANUSCRIPT
miRNA families were selected that appeared to act as mediators in constructed networks while most of them had been validated in mammals and/or zebrafish. 
These six miRNAs are: dre-miR-124, -144, -148, -155, -19a, -223. Among them, dre-miR-144 and -148 regulations were predicted in 4 networks and both 
miRNAs were validated in mammals to target around 60 genes.  dre-miR-124 and -155 were present only in one network but both of the miRNAs were validated 
in more than one mammalian study. Meanwhile, the expression of dre-miR-19a was also confirmed to change after zebrafish exposure to particulate matter and 
was top scoring in two of our networks. The dre-miR-223 was top predicted in all three networks so this miRNA was selected as the key regulator revealing the 
tissue damage induced by NPs in zebrafish. The summary of selection results is presented in Table 4, which specifically stated the in silico prediction result of the 
six selected critical miRNAs in zebrafish following the selection criteria. 
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5. Discussion: Potential role of selected miRNAs in nanoparticles induced toxicity in zebrafish
During in silico analysis and delineation of nanoparticle induced mRNA-miRNA regulation networks (Supplementary table 1), total of six zebrafish 
miRNAs or miRNA families were identified as potential biomarkers of nanoparticle toxicity. These are dre-miR-124, -144, -148, -155, -19a, -223. Here we 
discuss the potential role of each miRNA in the toxicity induced by nanoparticles in zebrafish. 
5.1. Dre-miR-124 
In mammals, miR-124 is engaged in neuron development, cellular proliferation and cytokine production by targeting corresponding mRNAs, and was 
implied in mediation of the development of cancer (Sun et al., 2016; Wang et al., 2014; Xie and Chen, 2016). Also, miR-124 was reported to be engaged in the 
DNA double strand damage initiated NHEJ repairing by targeting Ku70 thus involved in controlling cell cycle and apoptosis (Zhu et al., 2014). Apoptosis can be 
triggered by NPs induced oxidative stress, also in zebrafish (Section 2.1), where dre-miR-124 has been described as an orthologue of mammalian miR-124.  In 
our prediction, dre-miR-124 targeted wnt11r and grb2b, the two genes which serve as the essential components of mTOR pathway (Fig. 2). Expression of wnt11r 
was down-regulated during the NPs treatment in zebrafish (Park and Yeo, 2013a). Therefore, it is possible that miR-124 can function as a regulator of NPs 
toxicity induction by controlling effectors of mTOR pathway and engagement in the apoptosis regulation in zebrafish. Moreover, NPs hampered Wnt/β-catenin 
pathway regulated tail elongation in zebrafish embryo by targeting Wnt signal receptor protein, Dvl (Dishevelled) (Yi et al., 2016). Overexpression of miR-124 
leads to a powerful upregulation of Wnt/β-catenin reporter activity detected by the duel-luciferase reporter assay in human 293T cell line (Liu et al., 2011a). In 
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the present prediction, dre-miR-124 was targeting wnt11r and fosl1 genes engaged in the Wnt pathway, indicating that this miRNA may also function in the Wnt 
signaling cascade during NPs exposure. 
5.2. Dre-miR-144 
A study with pulmonary tuberculosis patients revealed significant overexpression of  miR-144 mainly in T cells, and transfection of miR-144 precursor 
inhibited cytokine production indicating that miR-144 is involved in regulating human immune responses through modification of down-streaming cytokines (Liu 
et al., 2011b). This regulation may attribute to the direct combination between miR-144 and TLR2 (Li et al., 2015). As above (Section 2.3), the initiation of TLR 
pathway has a dominant role in NPs induced pro-inflammatory response and this type of miRNA appears to be consistently involved in the NPs induced toxicity. 
However, in our prediction, dre-miR-144 was not found to target TLR2 (Supplementary table 1). This controversial phenomenon may suggest a different 
mechanism in cytokine synthesis induced by NPs in zebrafish. Moreover, miR-144 was experimentally proven to directly regulate key mediators of oxidative 
stress response such as Caspase3, Nfe2l2 and Rac1 (Ovcharenko et al., 2007; Sangokoya et al., 2010; Wang et al., 2012). Among them, nfe2l2 and rac1 were also 
predicted as targets in our networks, revealing that dre-miR-144 may possibly mediate the protective signaling cascade toward oxidative stress induced by NPs 
through regulation of nfe2l2 and rac1 in zebrafish. 
5.3. Dre-miR-155 
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In mammalian organisms, miR-155 is a mediating component of different types of inflammatory processes signaling. For instance, it has been shown that 
miR-155 expression is induced by bacterial lipopolysaccharide (LPS), and also by cytokines including IFN-β and TNF-α in human monocytic cell line (Taganov 
et al., 2006). Furthermore, inhibition of the c-Jun N-terminal kinase (JNK) blocks expression of miR-155, suggesting that miR-155 could induce signaling 
cascade of the JNK pathway (O'Connell et al., 2007). The inflammatory response can be triggered by exposure to NPs through activation and stimulation of 
innate immune effectors (Stevenson et al., 2011). The overexpression of miR-155 was shown to block manganese (Mn) NPs-induced increase of TNF-α and IL-6 
expression, suggesting possible role of miR-155 in mediation of NPs induced inflammatory responses in mammalian cell lines (Grogg et al., 2016). Moreover, 
the expression of miR-155 was significantly up-regulated during exposure of human lung fibroblasts to gold NPs while suppressing the expression of PROS1 
gene (Ng et al., 2011). 
Our predictions suggested that dre-miR-155 is likely involved in the inflammatory responses through interplay between tumor necrosis factor receptor 
superfamily (TNFRs) and engagement in the MAPK signaling and/or cytokine production in zebrafish (Fig. 2). On the other hand, miR 155 was found to be one 
of the most potent miRNAs to suppress apoptosis, which could attribute to the underlying mechanism that miR-155 can directly or indirectly block the caspase-3 
activity (Ovcharenko et al., 2007). In fact, it was described earlier that miR-155 can directly target caspase-3 and repress apoptosis in human nucleus pulposus 
(Wang et al., 2011), which is supporting our prediction that dre-miR-155 can bind with the 3’-UTR of caspase-3. These phenomena may imply the existence of 
conserved regulation between miR-155 and caspase-3 mediating apoptosis and oxidative stress responses in toxicity induction and disease development by NPs. 
5.4. Dre-miR-19a 
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A recent study has reported that particulate matter 2.5 micrometer (PM2.5) could down-regulate dre-miR-19a in zebrafish embryos, which is the first 
evidence connecting miR-19a with particle induced toxicity (Duan et al., 2017). miR-19a was identified to be one of crucial oncogenes, as it could not only 
regulate several of cancer development landmarks, but has also been reported to engage in the regulation of inflammatory responses (Olive et al., 2009; Wang 
and Chen, 2015). Functional studies revealed that miR-19a could decrease the expression in several suppressors of cytokine signaling proteins (SOCS, e.g. 
SOCS3) by direct binding, and this was also confirmed by our network prediction (Supplementary table 1), indicating that in zebrafish dre-miR-19a may bind 
with socs3 and regulate inflammatory responses induced by nanoparticle toxicity (Collins et al., 2013). Furthermore, miR-19a can interact with cytokines, as it 
was shown that it can regulate IFN-α and interleukin-6 through the mediation of SOCS3 involved in the JAK-STAT signal transduction pathway (Collins et al., 
2013). In addition, the positive regulation between miR-19a and STAT3 was verified in human colon cancer cell line acting regulating colon cancer invasion 
(Zhang et al., 2012). As this miRNA-mRNA relationship was also indicated during our prediction analysis and in our zebrafish network (Supplementary table 1), 
we speculate that validation information about this predicted relationship could confirm the importance of this miRNA in the basic molecular defensive 
mechanism protecting various species against NPs induced toxicity (Li et al., 2016; Liu et al., 2011a). 
5.5. Dre-miR-148 
In our prediction, Dre-miR-148 could potentially regulate a majority of inflammation-related genes such as il-10 and tnf-beta, indicating that this miRNA 
may be involved in the immune responses to NPs (Fig. 2). According to a study by (Huang et al., 2015), miR-148 was upregulated in the human dermal 
fibroblasts upon the Gold NPs treatment and engaged into the MAPK pathway thus controlling upstream activation of innate immunity effectors. However, 
miRNA targeting and functional validation experiments were rarely focused on the miR-148 across species from mammals to zebrafish, and the one overlapping 
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miR-148 target between the existing validations in mammals and our prediction in zebrafish is towards the mRNA bax, a gene responsible for pro-apoptosis 
(Grimson et al., 2007). The interaction between miR-148 and Bax was verified in mouse hepatic stellate cells where knockdown of miR-148 reversed the high 
expression of Bax protein and restored the function of Wnt/β-catenin signaling; acting together as anti-apoptosis effect against the abnormal apoptosis induced by 
loureirin B (Hu et al., 2018). As dre-miR-148 was predicted to target bax in our zebrafish specific network, it is reasonable to extrapolate that similar miRNA-
mRNA interaction in regulation of abnormal apoptosis can also be triggered by NPs exposure in zebrafish. 
5.6. Dre-miR-223 
miR-223 is cross-species conserved microRNA involved in immune cells differentiation and tumor suppression (Fukao et al., 2007; Xu et al., 2011). Our 
prediction indicated that miR-223 was predominantly regulated in all three tissue-specific networks revealing that this microRNA possesses potential to influence 
tissue damage induced by NPs in zebrafish. In mammals, miR-223 would negatively regulate the differentiation processes of myeloid cells including neutrophils 
and their precursors as well as their activation (Johnnidis et al., 2008), suggesting that this miRNA type may engage in inflammation regulation through its 
connection with the development of myeloid cells. Main regulatory mechanism is the direct targeting between miR-223 and IGF1R (insulin-like growth factor 1 
receptor) (Lu et al., 2013). In our predicted miRNA-mRNA liver specific network in zebrafish, dre-miR-223 also targeted igf1r (Supplementary table 1). This 
result provides a theoretical evidence that the binding between miR-223 and igf1r is a conserved mechanism and could further be associated with the 
differentiation and hyper-activation of neutrophils during stressful conditions, including the NPs exposure (Lu et al., 2013). 
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Conclusion 
The current knowledge of miRNA regulations in the nanoparticle induced toxicity in mammalian models along with the adverse outcomes and 
responsible genes induced by NPs specifically in zebrafish was reviewed and summarized data used to construct six miRNA-mRNA regulation networks using in 
silico analysis approaches. Six miRNAs that were predominantly present in our networks were selected as most promising candidates for further studies: dre-
miR-124, -144, -148, -155, -19a, -223.  These miRNAs potentially play a pivotal role in the regulation processes triggered by NPs induction and can be used as 
starting point in functional validations in fish and mammals after exposure to NPs. Identification of these candidates in silico, and their subsequent validation in 
target model systems or organisms will assist in delineating the miRNA-mRNA functional networks in more detail to support identification of biomarkers for 
environmental monitoring of nanoparticles effects on ecosystem, animal, and human health. 
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Highlights:
 Six miRNA-mRNA regulation networks after nanoparticle exposure in zebrafish were depicted 
 Six top predicted miRNAs were selected: dre-miR-124, -144, -148, -155, -19a, -223
Table 1 
Validated influenced microRNAs and their relevant functioning molecular pathways in encountering with nanoparticles induced toxicity with their Orthologues 
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RAW264.7 cells TiO2 NPs 
mmu-miR-350, 
-5097, -5119,  -
148a, -147, -




-27a, -27b, -181a, -
182 
pik3r3 
dre-181a, -722, -182: 
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Activation of apoptosis 
pathway by enrichment 
analysis 
(Sui et al., 2018) 
Table 2 
The three major biological toxic responses of NPs exposure: oxidative stress, DNA damage and inflammation and the altered genes that responsible for these 











TiO2 NPs 20-70 nm 50 mg/l 96h 
Zebrafish 
adult 
SOD activity decreased in 
liver, increased in gut. 
Oxidative stress (Xiong et
al., 2011)
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CAT activity reduced in 
liver. 
GSH concentration 
decreased in liver, increased 
in gut. 
ZnO NPs 16-157 nm 5 mg/l 96h 
Zebrafish 
adult 
SOD activity inhibited in 
liver and gut. 
CAT activity reduced in gut. 
GSH decreased in liver, 














MWCNTs entered the 
embryo through the 
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(Lu et al., 
2017)
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Decreased hatching 












ROS generated, MDA 
content, mu-GST and AP 
activities increased 
Hatching rate 
decreased up to 90%, 
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C60 NPs/Micro 60 nm-208 7.5, 15, 30 mg/kg 24 h Zebrafish AChE activity enhanced ache (Dal
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ZnO NPs 50-100 nm 





SOD activity, MDA content 
and CAT activity increased, 
GPx content not altered, 
ROS formation increased 
gstp2, ucp2, nqo1 





Ag NPs 10-20 nm 500 mg/l 
2, 5, 8, 22, 27, 














6 nm, 15 nm 500 µg/mL 120 hpf 
8-hydroxydeoxyguanosine 








AuNPs 2 nm 30 mg/L 120 hpf 
Zebrafish 
embryo 
DNA damage tp53, baxa, pax6a, rx1, sox10, mitfa, otx 
Developmental eye 
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(Cu loaded TiO2 
NPs) 
NPs 




increase, catalase activity 







ZnO NPs 40 nm 50 mg/L 48-96 hpf 
Zebrafish 
embryo 
body length, heart rate 
and hatch rate were 
decreased 
(Du et al., 
2014)




314 genes in total, significantly altered 
genes: 





ercc5, usp20, dapk1, slc11a2, cib1, 
dap3, gtf2h2, dab2, trip10a, dnaja3a, 
cxcl12b, amfr, dnaja2, hsf1, dlg5a, 
hif1ab, dhcr24, sh3bp4a, cdh24, usp20, 
enpp2, mark1, ahr1b, herpud1, dnajb11 
2013)
TiO2 NPs 15 nm 20 mg/L 2-72 hpf 
360 genes in total, significantly altered 
genes : 
f3b, gclc, bada, mcl1a, ypel3, apoea, 
rhot1a, pycard, hdr, ripk2, dnajb12, 
foxa1, lcp1, sap30bp, agap2, wnt11r, 
spata4, apc, jmjd6, anxa3b, trip10a, 
usp33, grb2a, mib1, cfb, tnfb, mhc1laa, 
polr3b, fkbp5, dnajb9a, chordc1a, yod1, 
sec63 




lgals3b, caspb, nt5c3a, thnsl2, map2k2a, 
slc45a3, mif4gdb, pvalb5, il15l, c6 





















with 10 nL SiNPs 
6, 24 hpf 
Zebrafish 
embryo 




cbx7a, fosl1a, cfb, timp2b, mmp9, junba, 
il13ra1, tnfrsf1a, cxcr4b, lepa, nfkbiaa, 
ctsk, tlr5b, myd88, ticam1, tlr4ba, cd40 










cxcl12b, ifngr1, tnfβ, elmod2, elmo1, 
dab2, lmbr1l, wnt11, mib1,  jmjd6, 










SiNPs 55-70 nm 
Microinjected 













Histopathological damage of three major organs and related genes upon nanoparticles induction in zebrafish 





Species Organ Histopathological abnormality Altered genes 
Nano Copper 
(Griffitt et al., 
2009) 
26.6+-8.8 nm 1000ug/l 48 hours 
Zebrafish 
adult 
Gill Gill filament edema 
aspn, ahcy, hey1, ctsla, sepp1a, per1b, pgam1a, cd74b, 
tmem47, ybx1, bcap31, ccnb1, atp1b1b, si:dkey-33i11.4, 
kcnj1a.1, tbcb, sepw1, ssb, ifi30 
Nano Silver 
(Griffitt et al., 
2009) 




Gill filament edema 
sparc, gnb1b, mxa, atp1b1b, spp1, pmp22a, mmp9, cad, 
sars, krt18, rpn1, phb, ncl, cdca7a, fbl, npm1a, aspn 
Nano Copper 









Edema emerged in gill lamellae hif1ab, hsp70.1, slc31a1, slc31a2, scn1a
Citrate-coated 
Silver NPs 
(Osborne et al., 
2015) 
20nm, 110nm 
1 mg/l, 2.5 
mg/l, 5 mg/l 





Fusion and hyperplasia in 
secondary filaments, decreased 
number of erythrocytes and 




1 mg/l, 2.5 
mg/l, 5 mg/l 




Intestine Goblet cell hyperplasia, 
vacuolization and partial loss of 
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(Gao et al., 
2018) 




ela3l, acer, 1mmp13a,  amy2a, cel.1, c6ast3, nos2a, cap1, 
zgc:112160,  cela1,  cpb1, si:dkey-14d8.6,  zgc:136930, 
si:dkey-183i3.5, ela2, ela2l, apoda.2, ctrl, si:dkey-78l4.6, 
prss59.2 
si:ch211-240l19.8, prss59.1, ctrb1, sycn, si:dkey-30j10.5, 
mfap4, cxl34c, tgm8, gstp2, sycn.2, cu855711.2, si:dkey-
33b17.3, si:cabz01012857.1 










Disruption of hepatic cell cords 
and apoptosis changes including 
chromatin condensation and 
pyknosis 
bax1, blp1, cat, gpx1a, mt2, noxa1, cdkn1a, tp53, sod1
Table 4 
















































Yes Yes Yes No Yes No 63 1 0 
dre-miR-
148 
Yes Yes Yes No No Yes 52 2 0 
dre-miR-
155 
Yes No No No No No 15 2 0 
dre-miR-
19a 
Yes No Yes No No No 41 1 1 
dre-miR-
223 
No No No Yes Yes Yes 30 0 0 
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Fig. 1. Critical MicroRNA selection criteria 
Each reliable predictions based on genes from summarized gene lists in biological response-specific networks (BRSNs) were assigned 2 prediction points while 
predictions targeting genes in the additional gene lists were assigned 1 prediction point. Then, the “TOP 15” miRNAs with the  highest score from these three 
BRSNs were chosen and named as “miRNA candidates”. The frequency of their participation was evaluated by counting the number of overlaps of these miRNA 
candidates in the three networks. miRNAs that overlapped in all three networks with highest overall prediction score were selected. Zebrafish miRNAs 
ACCEPTED MANUSCRIPT
orthologues that were confirmed by multiple existing mammalian studies were selected from “miRNA candidates” regardless how many times they were 
overlapped in BRSNs. The “Zebrafish study” in this figure refers to the study conducted by Duan J, et al. All miRNA candidates that were overlapped in more 
than two BRSNs while being validated in the mammalian study or zebrafish study were selected as the result. In each Tissue-specific Networks (TSNs), miRNAs 
with top 15 prediction times were chosen and counting their overlapping times in three TSNs; miRNAs that were predominately regulated in all TSNs were 
selected. 
Abbreviation, PGS: Prediction based on Genes in the Summarized list, PGA: Prediction based on Genes in the Additional list, TPGS: Tissue specific prediction 
based on Genes in the Summarized list 
Fig. 2. miRNA-mRNA targeting network regulated by 6 miRNAs (Network based on reported genes) 
Interaction between 6 miRNAs and the genes were reported in previous articles. Orange diamond indicating the miRNAs while the green circles indicating genes. 
Lines in this figure showing the miRNA-mRNA targeting category and different color indicating the different connecting type. 
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